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Abstract 
Laser shock peening (LSP) is an innovative surface treatment method, which has been shown to greatly improve the fatigue 
life of many metallic components. This work investigates surface integrity of TC17 titanium alloy treated by LSP with innova-
tive square laser spot. Nd: glass laser with duration of 30 ns and spot size of 4 mm×4 mm is applied. The surface morphology 
and surface residual stress of the TC17 titanium alloy, treated with varying peening parameters such as laser power density and 
overlapping ratio, have been studied in detail. The results show that laser pulse energy greatly influences surface morphology 
and surface residual stress around single-spot treated areas, and compressive residual stresses are saturated as laser pulse energy 
is over 55 J. There are significantly different surface morphologies and residual stress distributions at the overlapped areas with 
different overlapping ratios. A relative smooth surface is produced with uniform compressive residual stress distribution at an 
overlapping ratio of 8 . The experiment of residual stress relaxation is implemented by measuring residual stress at the center 
of four overlapped spots and by four point bending fatigue test at the frequency of 105 Hz. The compressive residual stresses 
induced by LSP are found to relax quite slowly under cyclic fatigue loading. 
Keywords: laser shock peening; square laser spot; residual stresses; titanium alloy; shock wave 
1.  Introduction 1 
Laser shock peening (LSP) exhibits substantial ad-
vantages over conventional shot peening in terms of 
fatigue strength improvement, depth of compression 
layer and process control. During the LSP process, 
there is almost no limitation on the parts’ geometry and 
accessibility 
[1-2]. As a promising technique for surface 
hardening, LSP has been applied to many component 
locations that are susceptible to fatigue failure, e.g. 
sharp edges of fans and compressor blades that result 
from the incident of foreign object damage (FOD) [3-4]. 
LSP directs an intense laser beam to the critical sur-
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face. This creates high-pressure shock wave, driving 
the compressive residual stresses deep into the sur-
face[5]. After shock wave loading, a surface Rayleigh 
wave is generated at the edge of impacted spot. As 
these waves propagate inward and focus simultane-
ously, a large tensile pulse is generated which reduces 
compressive residual stress near the center of the  
spots 
[6-7]. This is the so-called phenomenon of stress 
hole.  
There is a negative effect resulting from stress hole 
using circular laser spot, because of absolute geomet-
rical symmetry of circular laser spot [8]. In order to 
meet certain requirements from industrial applications, 
square laser spot has been increasingly used in LSP. 
Compared with conventional circular laser spot, square 
laser spot is not likely to generate stress hole and it can 
treat a large area effectively with the overlapping ratio 
less than 5 . Furthermore, surface morphology pro-
duced by square spots is smoother than that produced Open access under CC BY-NC-ND license.
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by circular spots. 
Compressive residual stresses induced by LSP are 
considered to play a key contributive role to enhance 
fatigue life of the parts [9-10]. In the previous experi-
ments, laser with circular spot was used to induce re-
sidual stresses on the part surface [11]. In this paper, the 
surface morphology and residual stresses induced by 
square-spot LSP are studied using white light interfer-
ence method and nondestructive X-ray diffraction 
method. 
2.  Experimental Procedures 
The titanium alloy was received as solution and ag-
ing treated. The microstructure consists of primary  
grains and acicular + colonies (transformed-)(see 
Fig.1), with chemical compositions shown in Table 1. 
Room temperature tensile test gave yield strength of 
1 166 MPa and tensile strength of 1 219 MPa. The 
TC17 material block was cut into small specimens with 
dimensions of 20 mm20 mm6 mm. Prior to the 
peening process, the intended peening surfaces of the 
specimens were polished according to blade surface 
quality standard. 
Table 1 Chemical compositions of TC17 titanium alloy 
wt  
Al Sn Zr Mo Cr Ti 
4.5-5.5 1.6-2.4 1.6-2.4 3.5-4.5 3.5-4.5 Bal. 
 
Fig. 1  Microstructure of as-received TC17 titanium alloy. 
LSP was carried out with a conventional Nd: glass 
pulse laser system with pulse duration of 30 ns and 
frequency of 0.1 Hz. The basic process of LSP is 
schematically illustrated in Fig. 2. The laser beam out-
put from laser system traveled through a beam shaping 
device. Subsequently it was focused by a lens and irra-
diated onto a target surface with a square laser spot of 
4 mm×4 mm. The surfaces of the specimens intended 
for peening were covered with an aluminum tape of 
0.12 mm thickness to act as a protective layer against 
surface burning. The confining layer consisted of a 
laminar layer (approximately 1 mm thick) of flowing 
de-ionized water, which acted as an inertial stop to 
enhance pressure of shock wave due to restraining 
plasma overexpansion. When the peak pressure of the 
shock wave is greater than the dynamic yield strength 
of TC17 titanium alloy, it produces high-strain-rate 
plastic deformation in the metal. Compressive residual 
stresses are generated around the plastic deformation 
area paralleling to the material surface. Different 
peening parameters, e.g. laser pulse energy, shock 
times and overlapping ratio, were used. Because of 
constant laser spot dimension and laser duration, laser 
pulse energy is proportional to laser power density. The 
patterns of burning spots on the aluminum tape are 
shown in Fig. 3. With protection of aluminum tape, 
there was only pure mechanical effect on the material 
surface without heating affect.  
 
Fig. 2  Schematic of square-spot LSP. 
 
Fig. 3  Patterns of LSP spots on aluminum tape. 
Surface morphology was measured on WYKO 
NT1100 optical profiler based on light interference 
technology. Surface residual stresses were measured 
using X-ray diffraction method. In order to measure 
residual stress, strain in the crystal lattice was meas-
ured, and the residual stress produced by strain was 
calculated. XRD machine (Proto-iXRD) was operated 
at the voltage of 25 kV and current of 5 mA. An aper-
ture dimension of 1 mm was used to measure the aver-
age residual stress on the part’s surface. Hardness was 
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measured using a Vickers microhardness tester with the 
loading of 0.5 kg and duration of 10 s. Four point 
bending fatigue tests were carried out to induce relaxa-
tion of compressive residual stress under fatigue load-
ing.  
3.  Results and Discussion 
Surface morphology of a single spot with different 
laser pulse energy is shown in Fig. 4. When laser pulse 
energy was over 30 J, a square dent was left after LSP 
treatment due to plastic deformation on the region of 
shock wave loading. This plastic deformation became 
more and more serious with increasing laser pulse en-
ergy as a consequence of increasing shock wave pres-
sure, which is proportional to the root of laser pulse 
energy [12]. However, some uneven areas were clearly 
observed inside LSP dents, and the peened surface was 
slightly rougher than the base material surface. Line 
profiles crossing the base material surface and peened 
surface under 57 J are shown in Fig. 5. The difference 
in height at the dent bottom was less than 1 m. The 
depth decreased rapidly from the outside of dent edge 
to bottom, and it was beneficial to spot overlapping.  
 
Fig. 4  Morphology of single square spots produced by LSP 
with different laser pulse energy. 
 
Fig. 5  Line profiles of peened and unpeened surfaces. 
The maximum depth of dent and residual stresses 
distributed at the center of spots are shown in Fig. 6. At 
relatively small laser pulse energy (about 32 J to 55 J), 
the depth of dents and residual stresses were found to 
increase with increasing laser pulse energy. This trend 
results from increasing plastic strain induced by the 
increasing peak pressure of shock wave. As laser pulse 
energy is high enough (above 55 J), the depth of dents 
and compressive residual stresses do not increase with 
superabundant laser pulse energy, because water con-
fining layer was breakdown by the excessive laser 
pulse energy 
[13]. Plasma that generated in the break-
down water layer blocked laser from accessing mate-
rial surface. The maximum depth of dents is 3.0-3.5 
m, which was produced by a single impact of laser 
pulse. The surface residual stress induced by LSP is 
about 0.5 y or 0.6 y, where y is the yield strength 
of TC17 titanium alloy. The residual stresses of two 
orthogonal directions have similar changing trend due 
to similar loading condition during the LSP process. 
Multiple impacts could produce higher surface residual 
stress than single impact because of increasing plastic 
strain and cyclic hardening. 
 
Fig. 6  Depth of dent and residual stresses of a single spot. 
Fig. 7 illustrates distribution of residual stress across 
a single LSP dent with different laser pulse energy (34 
J, 43 J, 51 J, 63 J). Measurements were made at three 
locations from the center to the outside in one dent 
with distance intervals of 1 mm and 2 mm respectively. 
With similar laser pulse energy, the compressive resid-
ual stresses were found to be nearly identical at the 
first and second locations which located inside the LSP 
dent. The uniform distribution of residual stresses is 
profited mainly from the relatively smooth LSP surface. 
Furthermore, it appeared that no stress-induced phe-
nomenon occurred at the center of LSP dents. Com-
pared with the first and second measuring locations, 
residual stresses measured at ° and 9° exhibited sig-
nificant difference at the third measuring location, 
which located outside LSP dent. As laser pulse energy 
is elevated, the magnitude of compressive residual 
stress is found to increase at 0°, but the magnitude of 
compressive residual stress is found to decrease at 90°. 
If the original base material was considered to be free 
of stress, the residual stresses should be tensile state at 
90°. The strain condition leads to stress state outside 
LSP dent. The volume affected by the shock wave is 
plastically strained during its propagation. The sur-
rounding material is opposite to this straining and 
therefore the outside area near to LSP dent is affected 
by the elastic strain 
[14]. Compressive strain is generated 
at 0° direction, while the tensile strain is generated at 
90° direction. 
Partial morphology and line profile of LSP surface 
between two square dents, generated at laser pulse en-
ergy of 51 J, are shown in Fig. 8. When overlapping 
ratio reduced to less than 0 , a ridge was produced 
between two square dents because this area was not 
covered by shock wave, and the ridge was found to 
widen with the decreasing overlapping ratio. The 
height of ridge was approximately 2.5-3.0 m. When 
overlapping ratio increased to more than 0 , a groove  
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Fig. 7  Distribution of residual stress along with dent surface. 
 
Fig. 8  Morphology and line profile of overlapped areas with varying overlapping ratio (51 J) 
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was produced at the overlapped area due to double 
impacts at the same area, and the grooves were found 
to widen with the increasing overlapping ratio. The 
depth of the grooves was approximately 1.5-2.0 m. A 
tiny ridge was found at the edge of the grooves. The 
tiny ridge at the right side of the groove was produced 
by plastic deformation of left square spot, and vice 
versa. Measuring position of residual stresses is shown 
on the right-top of Fig.8. Residual stresses distributed 
between two laser spots were plotted in Fig.9. It should 
be noted that the residual stress values (as shown in 
Fig.9) are not the actual magnitudes of residual stress 
at the groove or ridge areas, because the widths of most 
groove areas and ridge areas were less than the X-ray 
spot diameter of 1 mm. Therefore, more compressive 
residual stresses were achieved at overlapped areas 
with higher overlapping ratio. This explains why dou-
ble impacts at the same area induce higher level of sur-
face residual stresses than that from single impact. 
Unlike overlapped areas, the residual stresses of un-
peened areas between two spots decreased dramatically, 
and the magnitude of compressive residual stresses at 
0 direction was found to be much higher than that at 
90 direction. When the overlapping ratio increases to 
8 , the magnitude of compressive residual stress 
measured at the overlapped area was found to be iden-
tical to that measured at single spot. Thus, overlapping 
ratio of 8  was chosen to apply to peen large surface 
in the following experiments. It can be predicted that 
uniform compressive residual stress would be achieved 
on the treated surface with overlapping ratio of 8 . 
 
Fig. 9  Residual stresses distribution between two laser 
spots. 
As shown in Fig.10, four square spots with 51 J 
were overlapped, and residual stresses were measured 
at five positions along line 1 and at four positions 
along line 2 with distance interval of 1.5 mm. With 
measurement condition of residual stresses and over-
lapping ratio of 8  in this experiment, the compres-
sive residual stresses are found to be quite uniform at 
all measuring positions, including the positions which 
located at the overlapped area. The magnitudes of re-
sidual stresses measured at 0 and 90 are found to be 
nearly identical. Small gradient of residual stresses is 
beneficial to fatigue performance of components which 
are processed by LSP. For circular spot LSP process, 
the uniform residual stresses can hardly be achieved 
using large overlapping ratio to avoid unpeened surface 
area. With the application of square spot LSP, not only 
the efficiency of the process is improved, but also it is 
easier to produce a more uniform LSP surface (than 
treatment using conventional laser with circular spot), 
especially for LSP process using multiple layers. 
 
Fig. 10  Residual stress distribution of LSP surface treated 
with laser pulse energy of 51 J and overlapping ra-
tio of 8 .  
For most metal materials, plastic deformation could 
induce enhanced microhardness to the base material, 
because of high density dislocations or grain refine-
ment[15]. After LSP treatment, the microhardness dis-
tribution on TC17 titanium alloy surface was measured 
(see Fig.11). The measurements were made at locations 
across one LSP dent. Vickers microhardness generated 
at laser energies of 40 J and 50 J per pulse appears to 
be identical and the magnitude of microhardness is 
found to be approximately 7  higher than that of the 
base material. When multiple laser pulse irradiates onto 
the same location, Vickers microhardness is found to 
be higher than that induced by a single impact. But it 
does not increase further beyond 3 impacts, and a 
maximal microhardness of 460 Hv0.2 is achievedˈ
which is 15  higher than the base material. Micro-
hardness is found to increase slightly at the unpeened 
area near LSP dent shocked by multiple impacts. Con-
ventional shot peening is known to generate much 
higher level of cold work (between 30 -40 ) than 
that induced by LSP (less than 10 %) [16]. Due to the 
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Bauschinger effect, a higher level of tensile and cold 
work could significantly reduce the compressive yield 
strength 
[17]. Therefore, there is a higher tendency to 
cyclically relax the initial compressive residual stress 
in the LSP specimens because the compressive yield 
strength is lowered. Relaxation of compressive residual 
stress is shown in Fig.12. 
 
Fig. 11  Vickers microhardness on LSP surface. 
Thickness of specimens used for performing the four 
point bending fatigue test is 2 mm. Due to smaller 
specimen thickness, the magnitude of surface compres-
sive residual stress is obviously reduced. The compres-
sive residual stresses measured at the positions where 
LSP was carried out with laser pulse energy of 35 J, 
45 J and 55 J, were 293.8 MPa, 340.7 MPa and 
-386.36 MPa respectively. The sinusoidal dynamic 
loading tests were performed to induce a tensile 
stresses of maximum 480 MPa and minimum 320 MPa 
at the measuring positions of residual stresses. 
 
Fig. 12  Relaxation of residual stresses under fatigue load-
ing. 
Measurement of residual stresses and bending fa-
tigue tests were performed alternatively. The first and 
second stages of fatigue test stopped at cyclic number 
of 105 and 106. After 105 fatigue cycle, compressive 
residual stress of 35 J specimen relaxed by 20  while 
there was no residual stress relaxation on the other 
specimens. After 106 fatigue cycle, residual stresses of 
35 J and 45 J specimens relaxed by approximately 
30 MPa, and no relaxation on specimens peened at 55 J 
was found. The high magnitude of original residual 
stress is more stable than low magnitude of original 
residual stress. However, stability of residual stress 
must take into account influence of cold work. 
4.  Conclusions 
The surface morphology and residual stress distribu-
tion of TC17 titanium alloy, treated by square-spot LSP, 
have been investigated. The following conclusions can 
be drawn: 
1) When the laser pulse energy was more than 52 J, 
the maximal surface residual stress and maximal dent 
depth were achieved by single laser pulse. 
2) Residual stresses distributed in the square-spot 
treated surface are uniform with the overlapping ratio 
of 8 .  
3) The microhardness magnitude of LSP surface is 
10  higher than the base material, and it is beneficial  
to the stability of residual stresses. 
4) The compressive residual stresses treated by 
higher laser pulse energy are more stable than those 
treated by lower laser pulse energy. 
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